· Key message We observed coordinated differences in water-use efficiency,
C isotope composition, and wholeplant transpiration efficiency among nine Acacia species, although the up scaling from leaf to whole-plant level resulted in different relationships in Sahelian and Australian species.
· Context The genus Acacia sensu lato contains a large variety of tropical to Mediterranean species adapted to habitats ranging from mesic to arid in Africa and Australia. · Aims We checked whether transpiration efficiency differed among a range of nine Sahelian and Australian species and whether it was related to the degree of aridity of the original area or to their type of foliage (pinnate leaves or phyllodes). · Methods Intrinsic water-use efficiency (W I ) was recorded from leaf gas exchange and whole-plant transpiration efficiency (TE) from biomass production and water consumption of potted seedlings. Both W I and TE were compared to 13 C discrimination (Δ 13 C) computed from either bulk foliage or extracted cellulose.
· Results At leaf level, Δ
13
C matched closely W I across species, while at the whole-plant level, the relationship between TE and either Δ 13 C or W I differed between the Sahelian and the Australian species. Large interspecific differences were found but they were not related to the aridity of the origin nor to the type of foliage. · Conclusion Δ
C captured well the variability of W I among several Acacia species while species differences in carbon-use efficiency (the fraction of carbon assimilated recovered in plant biomass) or the relative nocturnal transpiration may disrupt the relationship between TE and Δ
Introduction
A large transpiration efficiency (TE), defined as the cumulated amount of biomass produced relative to the cumulated amount of water used by transpiration, is often seen as a key strategy for plants living in areas where water availability may be limiting (Bacon 2004) . A large TE should help plants to reduce their water consumption, thus increasing the time during which soil water can be used in absence of competition for water among co-occurring plants. For this reason, perennial plants such as trees with high TE are potentially able to perform better in water-limited environments than plants exhibiting low TE (Sun et al. 1996) .
At leaf level, intrinsic water-use efficiency (W I ) is defined as the ratio of net CO 2 assimilation through photosynthesis
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and stomatal conductance to water vapor (Bacon 2004) . W I is a complex trait and its variation may be related to variation in photosynthetic capacity and thus leaf nitrogen content and specific leaf area (Reich et al. 1998; Niinemets 1999; Takashima et al. 2004) , and/or variation in stomatal conductance, under the influence of stomata morphology and anatomy (Franks and Farquhar 2007) . Differences in stomatal responses to vapor pressure deficit and/or in soil water content can also explain differences in W I (Epron and Dreyer 1993; Rasheed et al. 2015) . The carbon isotope discrimination occurring during photosynthesis (Δ 13 C), both during the diffusion of CO 2 controlled by stomatal conductance and during the carboxylation by RubisCO, is a proxy for W I (Farquhar et al. 1982; Farquhar et al. 1989) . Variations in Δ
13
C that are related to variations in W I account for differences in carbon isotope composition (δ 13 C) of the plant organic matter, which potentially provides a useful time-integrated proxy of wateruse efficiency both at leaf level (W I ) and at the whole-plant level (TE, Farquhar and Richards 1984; Condon et al. 1990; Roussel et al. 2009a, b) . At the global scale, Δ
C is decreasing with decreasing mean annual precipitation (Cernusak et al. 2013) , which implies that plants living in drier habitats exhibit higher W I and TE than plants living in mesic habitats.
The occurrence of a tight correlation between Δ
C recorded in leaves and TE implies that the leaf-level processes that are driving variations in W I are also controlling the timeintegrated TE at whole-plant level (Cernusak et al. 2009 ). While consistent rankings between TE and either W I or Δ
C have often been observed among genotypes within a given species (Roussel et al. 2009a; Fichot et al. 2011; Rasheed et al. 2013; Rasheed et al. 2015) , variations in Δ
C explained only a fraction of the variation in TE among species (28 % only among three neotropical tree species, for example, Cernusak et al. 2009 ). There is therefore still a need for careful investigations on the ability of leaf level Δ 13 C records to represent the interspecific variability of wholeplant TE.
Acacia (sensu lato) is a polyphyletic genus comprising over 1300 species worldwide. Acacias can be found from the humid tropics to the arid areas close to African and Australian deserts. These species bear either pinnate leaves or phyllodes resulting from a transformed petiole with as a consequence a very different anatomy. The systematics of the genus have been the matter of severe debates among botanists (Miller and Seigler 2012) . The current consensus defining a genus Acacia present mainly in Australia (around 900 species usually bearing phyllodes) and several smaller genera present in Africa and Latin America (Senegalia, Vachelia, Faidherbia, among others).
Water-use efficiency was only seldom investigated in these species. At ecosystem level, the inherent daily water-use efficiency recorded in arid-zone Acacia savanna woodlands dominated by Acacia aneura varied to a large extent with vapor pressure deficit and soil water availability (Eamus et al. 2013) . At leaf level, water-use efficiency was larger in phyllodebearing Acacia species (Acacia mangium and Acacia auriculiformis) than in Eucalyptus (Novriyanti et al. 2012) . Despite the large distribution of the Acacia species in Australia and in Sahelian Africa and the diversity in forms, growth, and tolerance to water shortage, we are not aware of any systematic survey of water-use efficiency across species and of the relationships between intrinsic water-use efficiency at leaf level and transpiration efficiency at whole-plant level.
To tackle this question, we hypothesized that large interspecific differences in Δ 13 C, W I , and TE exist among these species and that they are related to the climate condition prevailing in their origins. We further postulated that differences in specific leaf area, nitrogen content, stomatal density, and stomatal dimension between pinnate leaves and phyllodes are influencing the relationships between Δ 13 C, W I , and TE. We selected five Australian and four Sahelian species from a very large range of aridity as computed from de Martonne's index (de Martonne 1922) , and recorded Δ 13 C and W I at leaf level and TE at whole-plant level. Seedlings were grown in pots in a greenhouse to compare TE integrated over a 5-month period with W I estimated from instantaneous measurements of leaf gas exchange and Δ
C computed from either δ 13 C of bulk foliage or cellulose extracted from the foliage.
Material and methods

Plant material and growth conditions
Seedlings of nine Acacia species were grown from seeds in a naturally illuminated greenhouse at Champenoux (France) in 4-L pots filled with a mixture (1:1 v/v) of peat and sand and fertilized with 18 g of a slow releaser fertilizer (Nutricote 100, 13/13/13 N/P/K with oligo-elements). The pot surface was covered with a 2.5-cm layer of perlite to limit direct evaporation from the soil surface. Water content of the substrate at field capacity was assessed by watering the pots until water dripped and by oven-drying at 105°C soil samples collected one night after watering.
Five Australian species were provided by the Australian Tree Seed Centre, CSIRO Forest Biosciences, Kingston ACT 2604, Australia. Four of them display phyllodes already at seedling stages (A. aneura F. Muell. ex Benth., Acacia trineura F. Muell., A. mangium Willd., Acacia melanoxylon R. Br.) and one displays only pinnate leaves (Acacia dealbata Link). The four other species, provided by Millennium Seed Bank, Royal Botanic Gardens, Kew, UK, were from Sahelian countries (Acacia senegal L. Willd., Acacia seyal Delile, Acacia raddiana Savi and Acacia albida Del). All Sahelian species display only pinnate leaves. Information about the climate at origins of seeds and the new names of the species are provided in Table 1 .
Seeds were soaked with 95 % sulfuric acid for 5 to 25 min and imbibed with water for 6 to 48 h depending on the hardness of the tegument. Germinated seeds were transferred to the pots. The pots were distributed on a greenhouse table under a randomized block design, with eight blocks containing each one individual of each species. Three pots without plants and three pots with maize seedlings were included in this randomized design. Minimal and maximal air temperatures in the greenhouse were set at 15 and 30°C respectively.
Eight seedlings of each species were grown for 5 months. Soil water content was maintained at 80 % of the field capacity by weighing each pot at 0.1 g (Sartorius-AG Göttingen, QC65EDE-D Germany) every 2 days and adding the required amount of water to reach 80 % field capacity.
Leaf gas exchange, intrinsic water-use efficiency, and stomatal traits
Net CO 2 assimilation rate (A sat ) and stomatal conductance (g sat ) were measured under saturating irradiance on one leaf or phyllode per seedlings, 1 week before the final harvest. Measurements were conducted with a portable photosynthesis system (Li6400; Li-Cor; Lincoln, USA) using a 6-cm 2 chamber illuminated by blue-red LEDs. Preliminary light response curves indicated that photosynthesis was almost fully saturated at a photosynthetic photon flux density of 1000 μmol m −2 s −1
, which was therefore chosen for the measurements. Other standardized conditions during measurements were as follows: CO 2 mole fraction at chamber inlet set at 370 μmol mol −1 , leaf temperature maintained at 25°C, and vapor pressure deficit kept between 1.0 and 1.5 kPa. Intrinsic water-use efficiency at leaf level (W I ) was computed as A sat /g sat . Leaves were collected immediately after leaf gas exchange measurements, stored at −20°C, and used to estimate stomatal density (SD) and length (SL). Three 1-cm 2 disks per leaf were examined under a controlledpressure scanning electron microscope (model 1450VP, Leo, Cambridge, UK) as previously described (Rasheed et al. 2013) . As Acacia leaves are amphistomatous, the adaxial and abaxial sides of each disk were observed. Stomata were counted on 30 selected microphotographs for five individuals per species with an image analysis software (VISILOG 6.3, Noesis, Orsay, France). Lengths of 20 stomata were measured on each image.
Whole-plant biomass, transpiration, and transpiration efficiency
Seedlings were harvested; separated into roots, stem, and foliage; oven-dried at 60°C for 3 days; and weighed. The area of subset of 10 leaves or phyllodes was previously estimated either by scanning leaflets for pinnate leaves or using an area meter (Li-Cor area meter, A1000 Li-Cor, Lincoln, NE, USA) for phyllodes.
Whole-plant transpiration (T) of each pot was recorded as the difference in weight between two consecutive measurements every second day, cumulated over the entire experiment, and corrected from evaporation averaged for the three unplanted pots. Transpiration efficiency (TE) was computed by dividing biomass at harvest (corrected from initial seed mass) by cumulated wholeplant transpiration. Table 1 Foliage type of five Australian and four Sahelian Acacia sensu lato species and main climate characteristics of the weather station (city names followed by the state code for Australia and by the ISO 3622 country code for Africa) nearest to place of seed collection. The consensus names for the species after the Melbourne Botanical Congress (Smith and Figueiredo 2011) were added. Annual precipitation (P) average over 30 years, number of dry month (DM) determined as the number of month with monthly precipitation lower than twice the monthly averaged air temperature, and the Martonne aridity index (A M ) calculated as P / (T + 10) with T the annual averaged air temperature 
Carbon isotope discrimination
Leaflets or phyllodes were finely ground, and 1 mg was enclosed in tin capsules and analyzed with an elemental analyzer (Carlo Erba, NA 1500-NC, Milan, Italy) coupled to an isotope-ratio mass spectrometer (Finnigan, Delta S, Bremen, Germany) for carbon isotope composition (δ 13 C) and nitrogen content.
Leaflet or phyllode powder (75 mg) was first extracted at 120°C in 2.0 ml acetic acid (80 % v/v) and 0.2 ml concentrated nitric acid (69 % v/v), and after centrifugation, the pellet was washed with ethanol and then with water (Brendel et al. 2000) . Cellulose was then extracted using the acidified sodium chlorite extraction method (Leavitt and Danzer 1993) . One milligram of the extracted cellulose was weighed into tin capsules and analyzed as above.
13
C discrimination (Δ 13 C) was calculated as
δ 13 C air was estimated using the δ 13 C of maize leaves −12.6 ‰ ±0.09 according to Marino and McElroy (1991) :
2.5 Theory W I and Δ
C are both related to the ratio between intercellular (c i ) and atmospheric (c a ) CO 2 mole fraction (Farquhar and Richards 1984) :
and
1.6 is the ratio of diffusivities for water vapor and CO 2 in air, a is the fractionation occurring during the diffusion through stomata (4.4 ‰), and b is the fractionation occurring during carboxylation by RubisCO and phosphoenol pyruvate carboxylase in C3 plants (27 ‰). The parameter d combines all other fractionation related to the dissolution of CO 2 , liquid phase diffusion, photorespiration, and dark respiration (Farquhar et al. 1989 ). Combining Eqs. 3 and 4 relates W I to Δ 13 C:
The latter equation can be rearranged:
The slope of the linear relationship between W I and Δ
C is m, and the intercept is m × (b −
Finally, TE can be related to W I by taking into account the leaf-to-air water vapor mole fraction difference (w), the carbon-use efficiency (CUE, which is the fraction of carbon assimilated recovered in plant biomass, thus not lost by respiration), and the ratio of unproductive to productive water loss (Φ W ) (Farquhar and Richards 1984) :
Day-time foliar transpiration is the productive water loss while night-time transpiration and soil evaporation are unproductive water loss (i.e., water loss without associated carbon gain). In this study, whole-plant transpiration was corrected for soil evaporation.
Data analyses
One way analyses of variance were run to characterize the variation of each measured trait among the nine species or between plants bearing pinnate leaves or phyllodes. The normality of the distribution of residuals was tested using the Shapiro-Wilk test. Mean and standard error of the mean were calculated. Pearson correlation coefficients (r) between averaged values of measured traits for each species were calculated and taken as significant when P < 0.05. Changes in species ranking were analyzed with Spearman rank correlation coefficients (ρ). All statistical analyses were made with the R software (R Core Team 2016).
Results
Interspecific variations in
13
C discrimination during photosynthesis (Δ 13 C)
A large variation in bulk leaf Δ 13 C was observed among the nine studied species, from 19.6 ‰ in A. senegal to 23.9 ‰ in A. aneura (Table 2) . A direct comparison showed that the leaf type (phyllodes versus pinnate leaves) had only a minor influence, with phyllodes exhibiting slightly higher Δ 13 C than pinnate leaves (+0.7 ‰ on average). Δ 13 C computed from leaf cellulose isotope composition was on average 1.0 ‰ ±0.1 lower than that when computed from bulk leaf material, with no difference between pinnate leaves and phyllodes (p = 0.5). The same species ranking was observed (ρ = 1, Fig. 1 ) and the slope of the linear regression line (1.1 ± 0.1) was not significantly different from 1 at p = 0.05.
Intrinsic water-use efficiency at leaf level (W I )
Variations in Δ 13 C among species were highly and negatively correlated with variations in W I (r = −0.94, p < 0.001, Fig. 2a) , and the species ranking was conserved (ρ = −0.83, p < 0.01). Across species, Δ 13 C was correlated to stomatal conductance under saturating irradiance (g sat , r = 0.87, p < 0.01, Fig. 2b ) while the correlation between Δ 13 C and net CO 2 assimilation under saturating irradiance (A sat ) was not significant (p = 0.07, Fig. 2c ) nor were all nonlinear regressions we tested.
Despite large interspecific differences in leaf nitrogen content, both on a per dry mass and per area basis, specific leaf area, stomatal density, and stomatal length (Table 2), Δ 13 C and W I were not correlated to any of these leaf traits (data not shown). Across species, phyllodes contained lower nitrogen concentration (per unit mass) than pinnate leaves (p < 0.01), but similar nitrogen content per unit area and similar specific leaf area (Table 2) . They also exhibited a higher stomatal density (p < 0.001) and a slightly lower stomatal length (p < 0.05). A sat , g sat , and W I were not significantly different between phyllodes and pinnate leaves.
Transpiration efficiency at whole-plant level (TE)
The biomass produced during the experiment (B) was tightly and positively correlated to the cumulated amount of water used during growth (T) across the nine species (r = 0.98, p < 0.001, Fig. 3a) . The lowest biomass and water use were recorded in A. aneura and the highest in A. dealbata. Because the relationship between B and T showed a positive intercept (1.24 ± 0.49, p < 0.05), TE was positively correlated to B (r = 0.86, p < 0.01, Fig. 3b ) and, to a lesser extent, to T (r = 0.79, p < 0.05, Fig. 3c ). The lowest TE was observed in A. aneura and A. raddiana and the highest in A. mangium and A. dealbata (Table 2) . A. aneura 23.9 ± 0.1 4.1 ± 0.1 4.4 ± 0.1 9.3 ± 0.4 21.0 ± 0.8 0.52 ± 0.04 41 ± 2 625 ± 26 14.5 ± 0.3 3.3 ± 0.3
A. mangium 22.4 ± 0.1 3.3 ± 0.2 2.5 ± 0.2 13.3 ± 0.2 13.7 ± 1.4 0.29 ± 0.05 54 ± 6 617 ± 26 9.8 ± 0.2 4.7 ± 0.1 A. melanoxylon 20.4 ± 0.2 2.8 ± 0.2 2.6 ± 0.2 11.0 ± 0.5 12.9 ± 0.7 0.16 ± 0.02 82 ± 5 587 ± 22 8.3 ± 0.2 6.3 ± 0.2 A. trineura 22.9 ± 0.3 4.1 ± 0.2 7.7 ± 0.2 7.5 ± 1.2 15.0 ± 1.6 0.39 ± 0.09 61 ± 14 531 ± 37 10.3 ± 0.4 4.6 ± 0.2 A. dealbata 21.6 ± 0.3 3.1 ± 0.1 3.0 ± 0.1 10.9 ± 0.8 18.5 ± 1.9 0.36 ± 0.06 60 ± 9 448 ± 9 11.4 ± 0.4 5.5 ± 0.2 In contrast to W I , variations in TE among the nine Acacia species were poorly related to variations in Δ 13 C (r = −0.65, p = 0.05, Fig. 4a ). But the correlation was much better when Australian and Sahelian species were considered separately (r = −0.99 and −0.95 for Australian and Sahelian species respectively, p < 0.05), and species ranking was perfectly preserved (ρ = −1 for each group of species).
Similarly, the correlation between TE and W I among the nine species was not significant (p > 0.05) while tight correlations were observed for Australian and Sahelian species considered independently (ρ of respectively 0.95 and 0.94, 
Discussion
The 1 ‰ offset in Δ
13
C observed between bulk foliage and extracted cellulose confirmed that cellulose, which has an isotope composition close to that of the primary products of photosynthesis, is more enriched in 13 C than other foliage compounds such as lipids and lignin (Bowling et al. 2008) . This 1 ‰ offset is similar to the one reported between bulk wood and cellulose in different poplar genotypes in the field (Rasheed et al. 2012; Rasheed et al. 2015) . Because species ranking is perfectly respected using Δ 13 C either computed from cellulose or from bulk foliage, Δ
C from bulk foliage is providing a consistent proxy for isotope fractionation during photosynthesis, despite the 1 ‰ offset. Interestingly, no difference was evidenced between pinnate leaves and phyllodes, and as a consequence, post-photosynthetic fractionation against 13 C, if any, had probably similar effects in the nine studied Acacia species. Δ 13 C and W I were highly correlated with interspecific differences in Δ 13 C accounting for 87 % of the interspecific differences in W I . This confirms that despite a potential shift in Δ 13 C due to a finite conductance to CO 2 transfer in the mesophyll (Barbour et al. 2010; Warren et al. 2011) , the ranking of our species was not affected. Moreover, the ratios of the intercept [m × (b − d), Eq. 6] divided by the opposite number of the slope (m) of the linear regression between Δ 13 C and W I were very similar (b − d = 26.9 or 27.2 ‰ with Δ 13 C computed from either isotope composition of bulk foliage, Fig. 2a , or extracted cellulose) and were not different from the expected net fractionation occurring during carboxylation in C3 leaves (27 ‰, Farquhar et al. 1982) , including a marginal contribution (5 %) of phosphoenolpyruvate carboxylase (Evans et al. 1986 ). This implies that parameter d in Eq. 6 is close to zero and that post-photosynthetic fractionations or mesophyll conductance have limited impacts on foliage isotope composition under the present conditions.
A large range in Δ 13 C (19.6-23.9 ‰) was observed between the nine Acacia species. This 4.3 ‰ range is much larger than that reported between genotypes of Populus deltoides × Populus nigra (Monclus et al. 2005; Marron et al. 2005) , of Prosopis glandulosa (Pennington et al. 1999) and of Quercus robur (Brendel et al. 2008) or between sapling of tropical tree species (Cernusak et al. 2009 ). This large range in Δ
C is well-reflected in a large range of W I among the nine species (41-96 μmol mol −1
), but these variations were not related to the climate condition prevailing in their origins.
Interspecific variations in Δ
C and W I were closely related to variations in light-saturated stomatal conductance, but not to variations in light-saturated photosynthesis nor to variation in leaf nitrogen content or specific leaf area. Variations in W I among oak and poplar genotypes were also driven by variation in stomatal conductance, but while these variations were reflecting variation in stomatal density among genotypes (Monclus et al. 2006; Roussel et al. 2009b ), this was not the case between our nine Acacia species. It is often postulated that light-saturated stomatal conductance is influenced by stomatal density (Nobel 2005) , but this does not hold for the different Acacia species in this study. Higher stomatal density in phyllodes than in pinnate leaves does not confer higher stomatal conductance in phyllode-bearing Acacia species, maybe because the higher stomatal density is partly offset by smaller stomatal length (Hetherington and Woodward 2003) .
The range of TE between the nine Acacia species (3.3-6.3 g kg ) was narrower than the range of W I , and TE was poorly correlated to Δ 13 C and W I when all species were . For a, fractionation occurring during carboxylation was set at 27 ‰ (see "Discussion"). The first letters of the species name is located closed to its symbol combined. Transpiration is controlled by stomatal conductance but is modulated by leaf-to-air water vapor mole fraction difference (w in Eq. 8). However, no large difference in w may be expected in this experiment that was carried out in a wellventilated greenhouse with a randomized block design. At whole-plant level, TE depends on carbon-use efficiency (CUE), the fraction of assimilated carbon that is not lost through respiration and on the fraction of water loss that is not associated with photosynthesis (Farquhar et al. 1989) . Interestingly, the correlations between TE and either Δ 13 C or W I were only significant when Australian and Sahelian species were considered separately. A correlation between TE and Δ 13 C has already been observed at the species level, either on individuals of a tropical pioneer tree species exposed to different levels of soil fertility (Cernusak et al. 2007 ), different provenances of A. albida (Roupsard et al. 1998) , or different genotypes of poplar (Rasheed et al. 2013; Rasheed et al. 2015) and oak (Roussel et al. 2009a ). The different relationship observed between Australian and Sahelian species was not related to the type of photosynthetic organs because the Australian A. dealbata that bears pinnate leaves clearly fits on the relationship for Australian species bearing phyllodes, not on the relationship for Sahelian species bearing pinnate leaves. Thus, a putative difference in cuticular or night-time stomatal transpiration between phyllodes and pinnate leaves is unlikely accounting for the difference between Australian and Sahelian species. Cuticular water loss is thought to be negligible compared to night-time stomatal transpiration (Cernusak et al. 2007 ). Night-time transpiration is typically 5 to 15 % of day-time transpiration (Φ W , Caird et al. 2007 ) and night-time transpiration varied from 15 to 22 % of total transpiration (Φ W from 0.18 to 0.28) among eight tree species from the Brazilian cerrado (Bucci et al. 2005) . In addition, carbon-use efficiency of trees ranges between 0.35 and 0.55 (Gifford 2003) . Variations in CUE and relative nighttime stomatal transpiration within these ranges may account for the variability of TE Δ 13 C (Fig. 4a) or TE W I (Fig. 4b) among our nine species. However, the firm explanation accounting for higher TE at a given W I in greenhouse-grown seedlings of Australian Acacia species compared to Sahelian Acacia species deserves further investigations.
Conclusion
A large interspecific difference in Δ 13 C, W I , and TE exists among the nine studied Acacia species, but in contrast to our first hypothesis, these differences were not related to the climate condition prevailing in their origins. Differences in nitrogen content and stomatal density between pinnate leaves and phyllodes did not influence the relationships between Δ 13 C and W I . While Δ 13 C was closely related to W I , the relationship between TE and either Δ 13 C or W I was only significant when Australian and Sahelian species were considered separately, suggesting that differences in carbon-use efficiency or night-time transpiration are potentially affecting the relation between water-use efficiency at leaf level and transpiration efficiency at whole-plant level.
